Correlated photon emission from multi-atom Rydberg dark states 
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We consider three level atoms driven by two resonant light fields in a ladder scheme where the upper level 
is a highly excited Rydberg state. We show that the dipole-dipole interactions between Rydberg excited atoms 
prevents the formation of single particle dark states and leads to strongly correlated photon emission from atoms 
separated by distances large compared to the emission wavelength. For two atoms, correlated photon pairs are 
emitted with an angular distribution given by a coherent sum of the independent dipolar fields. 

PACS numbers: 42.50.Ar, 32.80.Rm, 03.65.Yz, 42.50.Gy 



The cooperative emission of light, as in superradiance 
(HE), °ff ers an interesting paradigm for photon entanglement 
and non-classical light generation. Cooperative effects for few 
particle systems have been observed for both trapped ions [ 3 1 
and molecules [4|, and also quantum dots Q. For cooperative 
effects to dominate, the emitters should not be resolved by the 
radiation field so that interference effects can occur, or the 
resonant dipole-dipole interaction should be large enough to 
form correlated atomic states, i.e., it should typically exceed 
the natural linewidth of the transition. In practice, this im- 
poses stringent demands on the spatial distributions of emit- 
ters, and for the dipole interaction to be effective, the emitters 
should be separated by much less than the optical wavelength 

nam. 

In this Letter we show that coupling the dipoles associated 
with transitions between highly excited Rydberg states to an 
optical atomic transition leads to cooperative emission with 
considerably less stringent demands on the spatial confine- 
ment of the emitters. The optical and long wavelength dipoles 
become coupled by electromagnetically induced transparency 
(EIT) [8] involving highly excited Rydberg states |9|. The ef- 
fect of the strong dipole-dipole interactions between Rydberg 
states is to modify the EIT dark state such that only a single 
atom within the Rydberg interaction range can contribute to 
the EIT [10], whilst the remaining atoms scatter light like res- 
onant two-level systems. This effect is a manifestation of the 
dipole blockade mechanism where the dipole induced level 
shifts prevent multiple Rydberg excitation ifTTI within a vol- 
ume |7ri?b, where the blockade radius Rh is typically of the 
order of a few microns. This blockade effect leads directly to 
entangled atomic superposition states that may be exploited 
for applications in quantum information processing fl2l . In 
addition, the blockade mechanism may be used to modify 
light transmission ifTUl [T3l fl4l giving rise to non-classical 
states of light [ 15 1 and strong photon-photon interactions lfT6l — 
18 1. Blockaded superpositions can also be mapped into exotic 
states of light HMD. 

For a few-atom system localised within a single blockade 
volume, shown schematically in Fig. [Tj (a), we show that 
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FIG. 1. (Color online), (a) For atoms confined within R < Rh, 
dipole blockade modifies the EIT dark state leading to correlated 
photon emission from the blockade region which can be measured 
using detectors Di and D 2 . (b) Level-scheme for two-atoms with a 
dipole-dipole coupling V(R) between the Rydberg states, where R 
is the interatomic separation. 



dipole blockade leads directly to strongly correlated photon- 
emission for atoms separated by several microns. This pa- 
rameter regime is compatible with the current experimental 
setups used to demonstrate entanglement ||22| and quantum 
gates [23 1 using blockade for a pair of atoms. 

Consider an ensemble of three-level atoms composed of 
a ground state \g), excited state |e) and Rydberg state \r), 
shown schematically in Fig. [T](b). The atoms are coupled by 
counter-propagating probe and coupling fields aligned paral- 
lel to the z-axis with wavevectors of k p = fcz and k c = — fc'z 
respectively. The weak probe beam resonantly drives the 
transition from \g) —> |e) with Rabi frequency f2 p , whilst 
the strong coupling laser with Rabi frequency f2 c is reso- 
nant with the transition from |e) — > |r). The Hamiltonian 
for the system is given by Jif = Jf a i + Jffdd, where Jf? a \ = 



, ik c 



H.C.] accounts for 



the atom-light coupling and J^d = — hJ2i<j ^rr^(\ r i 
rj\)a l rr represents the dipole-dipole coupling between atoms 
i and j at positions rj and rj respectively, where o % mn is 
the outer product operator |m)(n| of atom i. In the limit 
of long-range Van der Waals interactions between the Ryd- 
berg states, V(R) = —G\/R 6 , resulting in blockade radius 
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of i?b = y/Ce I 1 1 1 - When the atoms are separated by 
R > Rb, the atoms behave independently and the system 
evolves into the EIT dark state superposition of \g) and \r) 
resulting in perfect probe transmission as there is no loss from 
the short-lived state |e). For atoms localized within i?b how- 
ever, the blockade modifies the dark state resulting in a co- 
operative optical non-linearity [ 10 1 as only a single atom can 
contribute to the EIT dark state, with the remaining atoms res- 
onantly coupling to the probe laser and scattering photons out 
of the beam. 

The interplay between EIT and Rydberg blockade is ex- 
pected to cause interesting effects in the excitation dynamics, 
and the purpose of this Letter is to identify its observable ex- 
perimental signature in the light emitted from the atoms. In 
particular, we will show how the transient dynamics in and out 
of dark states can be unambiguously identified by the bunch- 
ing and anti-bunching features in photon counting signals un- 
der steady state driving conditions. To evaluate our theoreti- 
cal prediction for the photon-photon correlations in the scat- 
tered field from the atomic system we consider the normalised 
second-order correlation function (r) of the probe electric 
field. The positive-frequency component of the probe electric 
field operator at position r is given by the source-field ex- 
pression 2^ +) (r,i) = E^ + \r,t) + E^\r,t) El, where 
Ef\r, t) is the incident probe field and Esc(r,t) is the 
radiation field of the atomic dipole. For an ensemble of TV- 
atoms located at positions r,;, the source-field term in the far 
field (fc|r — rj| 3> 1 for all i) is given by [6] 

i4 +) (r, t) = _ fc2 ( d .c g x*-)xr ^ e -m^ K(Jt _ r/e) , (1) 

where d eg is the dipole moment and tt^ = \g)(e\ is the low- 
ering operator for the atomic dipole of the ith atom. If we 
only consider detector positions off-axis with respect to the 
probe laser, the incident field e\ + ^ (r, t) vanishes, and the 
electric field reduces to the sum ([T} over the dipole oper- 
ators for the system. Absorbing the geometric factors into 
the function /(r), the scattered electric field is E^'(r,t) — 
f(r)IP (r, t — r/c), where IT* are the combined raising and 
lowering operators for the ensemble, 

J\f 

fl ± (r,t) = J2e ±ik *- T *Trt(t). (2) 

i 

For a pair of detectors D\ and Z?2 shown in Fig. [T](a) at 
positions r A and r^, the second order mutual correlation re- 
duces to 

(2 ) (t) = (n+ (r A , t)U+ (rg ,t+T)fl-(r B ,t + r)Tr (r A , t)) 

9 [T ' (Il+(r A ,t)tL-(r A ,t))(tL+(T B ,t+T)fl-(r B ,t+T)) , 

(3) 

where (...) denotes a trace over the density matrix a for 
the atomic system. The unnormalized correlation function, 
G^ 2 \t, t + r), in the numerator of Eq.[3]can be evaluated us- 
ing the quantum regression theorem as 

G {2 \t,t + r)= Tr{n-(r B ) ( T cond (<;t + T)ri+(r B )} ! (4) 



where a con d(t;t) = ft - (r A )a(t)Il + (r A ) is the conditional 
density matrix for the system following the detection of a pho- 
ton on detector D\ at time t and application of the correspond- 
ing quantum jump to the atomic state (25]. The subsequent 
time evolution of the conditional density matrix <7 con d (t; t+r) 
with respect to r is calculated using the same master equa- 
tion as for the normal density matrix, & = i/H[a, J^f] +£(a), 
where C(a) is the Lindblad operator [26 1 accounting for spon- 
taneous emission from state |e) at rate T e 

£W) = Y.-2 {c e cla + aC 'e cl) + GlaC ^ (5) 

i 

with C* = \/T^(Tg e . Note that we assume relatively small 
solid angles for the detectors, and the master equation treats 
the unobserved spontaneous emission as individual atom 
events due to the large atomic separation. Due to the relatively 
long lifetime of the Rydberg state, the spontaneous emission 
and other losses from |r) can be neglected. For the case of CW 
probe and coupling lasers, a(t) is equivalent to the steady- 
state of the system, leading to g^ (t) = 1 at long times as the 
conditional density matrix evolves back to the steady-state of 
the system. 

If the atoms move by just few metres per second, the rel- 
ative phase factors in the lowering operators |2]i will change 
on the time scale of the atomic dynamics, and the the cross- 
phase terms in the observed intensity signals will vanish as if 
the atoms emit photons incoherently. In this case, the oper- 
ators representing the detection at each detector are well ap- 
proximated by an operator sum over individual atomic con- 
tributions: n~(7ll + — > Yli^ ^ a ^t- We calculate intensity 
correlation functions for this situation, and first consider the 
familiar example of non-interacting two-level atoms. The cor- 
relation function for a weak probe intensity of f2 p = r e /5 
and S7 C ~ for TV = 1 to 3 atoms is plotted in Fig. [2] (a). 
This clearly illustrates anti-bunching (g^ (0) < 1) in the res- 
onance fluorescence of a two-level atom ll27l l28l due to the 
finite excitation time r ~ 1/ O p preventing a single atom 
from emitting one photons immediately after another. For 
more than one atom, the possibility that different atoms emit 
simultaneously reduces the visibility of the anti-bunching, and 
for large atom numbers prevents the observation of the single- 
photon character of the scattered light. 

The addition of a strong coupling laser with tt c = T e to a 
strongly blockaded ensemble with an isotropic dipole-dipole 
interaction V(|rj — rj\) = 2 T e dramatically modifies the cor- 
relation function, shown in Fig. |2] (b). For a single atom the 
curve is initially anti-bunched with g^ (0) = 0, however this 
increases to give g^ (t) 3> 1 at r ~ 1/ fi p , resulting in very 
strong bunching at short times. The interpretation of this be- 
haviour is that for a single atom the interactions play no role 
and the steady-state for the system is the EIT dark state. If a 
photon is detected at r = 0, this causes a projection of the 
atom into the ground state with a finite component orthogo- 
nal to the dark-state. The norm of this component yields the 
probability for a second photon to be emitted during the sub- 
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FIG. 2. (Color online). A/"-atom fluorescence correlations, (a) Inde- 
pendent two-level atoms for Q p = T e /5 displaying anti-bunching. 
(b)-(d) interacting EIT system with Q c — T e , V(rij) — 2F e and 
Q p = r e /5, r e /2 and T e respectively. 

sequent evolution of the atom back into the dark state. Note, 
however that the photon bunching resulting from this tran- 
sient atomic dynamics is, in practice, difficult to observe as 
the probability to emit the first photon is very small due to the 
EIT condition. 

Adding more atoms to the system in the non-interacting 
limit results in similar correlation functions as the Af = 1 
curve due to the independent nature of the emitters. In con- 
trast, for a blockaded ensemble, the behavior for Af > 1 re- 
veals a transition from anti-bunching to strong bunching at 
t = 0, with photons most likely to arrive simultaneously at 
the two detectors. This bunching can be understood from the 
analytic EIT dark state for the interacting two-atom system in 
(29], that has a |ee) component mixed into the wavefunction 
in place of the blockaded \rr) state. This component decays 
by the emission of two photons within a few spontaneous life- 
times. This appears as bunching in the correlation function 
as shown in Fig. |2](c). In (d) the correlations for Q p = T e 
is plotted, showing that for a strong probe field the blockade 
condition is violated and the light becomes anti-bunched at 
short times, similar to the correlations for the 2- and 3-atom 
signals for independent two-level atoms, Fig.[2](a). 

Due to the long-range interaction of the Rydberg dipole, 
typically the blockade radius i?b ~ 5 /im, spatially resolved 
emission is possible from a few-atom system. In the limit of 
distinguishable emission where detector D\ only collects pho- 
tons from atom i, and detector Z?2 from atom j, it is possible 
to consider the self- and cross-correlations between atoms i 
and j defined by 

(2), v = ^t(^t(t + ^j(t + T)TT-{t)) 

which provide an insight into whether the emission from one 
atom is dependant upon the emission of a neighbouring atom. 

Figure [3] shows the results for the case of a pair of atoms, 
calculated for the same parameters as above. For the probe- 



only system in (a), the self-correlation <7ii(r) is equal to the 
single-atom correlation function in Fig. [2] (a) and the cross- 

(2) — 

correlation g^' (r) is equal to unity for all times, showing the 
two atoms behave independently as expected. For the inter- 
acting EIT system however, the self- and cross-correlations 
show different behaviour. In the weak-probe limit (b), the 
bunching observed in the full correlation function arises due 
to the cross-correlations between the atoms, verifying the in- 
terpretation of the photons coming within a time 1 /T e of each 
other from the population of |ee) as discussed above. This 
also demonstrates that Rydberg EIT leads to a cooperative ef- 
fect at the single-photon level, with the dipole emission of 
each atom strongly dependent upon that of its neighbour. As 
the probe power increases, the self-correlation in (c) and (d) is 
approximately constant whilst the cross-correlation switches 
from being bunched to anti-bunched, showing the transition 
from a blockaded system with cooperative emission (c) to a 
weakly blockaded system with suppressed emission such that 
one atom is less-likely to emit a photon if the other atom has 
emitted one already (d). These results show that it is possible 
to demonstrate the strong Rydberg interactions by the highly 
correlated fluorescence emission from a pair or a small num- 
ber of atoms. 

Figure [4] shows the correlations calculated for coherent 
emission between a pair of atoms at rest with variable in- 
teratomic separation R < R^ using the position dependent 
phases in the dipole operator n ± of Eq. |2j with detectors 
placed orthogonal to the probe laser, using £! p = T e /2, 
Q c = T e and Vfai) = 2T e . For atoms aligned parallel to 
the probe beam, the correlation function is bunched indepen- 
dent of the interatomic separation. However, emission from 
atoms aligned parallel to the direction towards the detectors, 
Fig.[4jb), shows a transition from bunching to anti-bunching at 
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FIG. 3. (Color online). Self- and cross-correlations in emsis- 
sion from two distinguishable atoms, (a) Q p — T e /5. Two- 
level atoms have an independent cross-correlation as the atoms are 
non-interacting, (b)-(d) Interacting EIT system with fi c = T e , 
V(rij) = 2T e and Q p — T e /5, T e /2 and T e respectively. This 
shows the bunching arises from the strong cross-correlation between 
the atoms, which are correlated by the dipole blockade. 
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FIG. 4. (Color online) Correlation function for coherent emission for 
different separations R, where m is an integer, (a) Atoms aligned 
parallel to the probe beam are bunched for all separations, (b) The 
perpendicular configuration shows anti-bunching due to destructive 
interference for R — m\ + A/4, 3A/4. 



R = mX + A/4, 3A/4, due to the density matrix conditioned 
by the first detection event showing destructive interference 
between the atomic source fields in the direction of the sec- 
ond detector. It is well known that the first detection events 
"lock" the relative phases and hence determine the direction 
of superradiant emission from a symmetric ensemble of atoms 
12). In combination with EIT and Rydberg blockade, we see 
that this phenomenon may be observed in coincidence signals 
under steady state conditions. 

In summary, in this Letter we have demonstrated how the 
dipole blockade mechanism leads to the generation of highly 
correlated photon emission from multi-atom Rydberg dark 
states. Due to the large length scales associated with the 
blockade radius, this reduces the experimental requirements 
for observing cooperative emission from atoms separated by 
greater than an optical wavelength. For atoms at rest, the 
correlated photon emission is also directionally dependent 
and sensitive to atomic position and may, for mesoscopic 
ensembles of few hundred atoms, provide interesting practi- 
cal sources of non-classical light. The second-order correla- 
tion function provides additional information about the atomic 
state and, as the present work illustrates, the understanding of 
temporal conditioned dynamics of the atoms can be confirmed 
by measurement of the light statistics, offering an additional 
probe of strongly interacting Rydberg ensembles. 
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